the Trail, and were usually about 0.01 milligram per liter or less in the Everglades. Short-term loads (based on average discharge for 4 days) of total phosphorus and total Kjeldahl nitrogen (ammonia plus organic nitrogen) across four gaged sections of the Tamiami Trail were highest in the Everglades near the S-12 structures primarily due to the relatively greater discharges in that section. Concentrations of dissolved solids and total phosphorus at the central Big Cypress Swamp site increased significantly during the dry season as waters ponded. Effects of nearby, upstream agricultural activities were evident at a site in the western Big Cypress Swamp where relatively high concentrations of total phosphorus, total mercury, and dissolved organic carbon and high periphyton biomass accumulation rates were measured and where several pesticides were detected. The most frequently detected pesticides along the Trail were atrazine (14 detections), tebuthiuron (11 detections), and metolachlor (5 detections), and most concentrations were less than
INTRODUCTION
The National Water-Quality Assessment (NAWQA) Program is designed to assess the status and trends in water quality over more than half of the Nation. This significant task is subdivided into about 59 study units to focus more attention on local settings and issues. The work within each study unit is intended to continue for decades as a series of repeated cycles of a few years of intensive sampling and interpretative studies followed by a few years of low-intensity sampling. Study units use fixed sites to gather data on a regular basis, but also use synoptic studies to gain insight into topics of special interest, such as transport of water and water-quality constituents, improvement of spatial resolution of water-quality data, and identification of sources of water-quality constituents (Gilliom and others, 1995) . The Southern Florida (SOFL) NAWQA study began a 3-year period of intensive sampling in 1996 (Haag and others, 1998) . This report summarizes a synoptic study of water quality near the southern end of the SOFL NAWQA study unit ( fig. 1 ). The movement and quality of water in this area is of great interest because of its importance to State and National parks and preserves and to the ecosystem restoration underway in the region.
Surface waters near the southern end of the SOFL study unit are predominantly dispersed over broad wetlands in Everglades National Park (ENP), Big Cypress National Preserve (BCNP), and several other preserves and flow into coastal waters from the Ten Thousand Islands to Florida Bay (figs. 1 and 2). The Tamiami Trail (U.S. 41) spans these wetlands with numerous bridges and culverts and, as the last significant roadway that crosses the mainland before the coast, provides a location from which to sample, measure, and characterize water near the downstream end of the study unit ( fig. 2 ).
Most of the Tamiami Trail between Naples and Miami is within two physiographic provinces-the Big Cypress Swamp and the Everglades (Davis, 1943) . The Big Cypress Swamp is characterized by numerous cypress strands, cypress domes, and forested wetlands that grow on limestone with little soil cover (Duever and others, 1979) . The Everglades is characterized by a wetland mosaic of tree islands, dense sawgrass, and wet prairies with peat soils and has periods and depths of inundation generally greater than those in the Big Cypress Swamp (Davis and others, 1994) . The two physiographic provinces also differ in their land use. Much of the central and southern Big Cypress Swamp is relatively undisturbed by channelization and development. North of BCNP, the land is primarily used for farming and ranching. The Everglades has been more highly modified north of the Tamiami Trail, but is relatively undisturbed to the south.
Trail during construction of the road and served as a source of limestone road base. Water from canals, rivers, and sheetflow from wetlands collects in the canal and flows southward under the Tamiami Trail through more than 100 culverts and bridges. The Tamiami Trail was widened in the 1950's and 1960's by adding limerock fill from nearby excavations to the old road bed; however, the number and length of the bridges was unaltered (Duever and others, 1979; p. 705-748) . The western part of the Big Cypress Swamp was drained by the Barron River Canal (completed in 1926, fig. 2 ) and the Faka Union Canal System (competed in the 1970's, fig. 2 ). The central and southern Big Cypress Swamp has remained relatively undisturbed by drainage and development; however, much of the southern Everglades, though protected as wetlands in the ENP, has been affected by water management activities to the north (Klein and others, 1975) .
Predevelopmental hydrology in south Florida is largely inferred from vegetation and soils and from historical documents. Actual measurements
Hydrologic Changes
Major modification of southern Florida's natural drainage system began in 1882 with the construction of small drainage canals in the Kissimmee and Caloosahatchee basins and gained momentum in 1905 when the Florida Legislature passed the first drainage law creating the Everglades Drainage District (Klein and others, 1975) . In subsequent years, major modifications were made to the hydrologic system through construction of large canals and levees (earthen embankments), by establishment of water conservation areas (WCAs), and through land-use changes that continued throughout the century. Development and hydrologic modifications have been most intense in the northern Everglades (which has been drained for farming) and along the east coast (which has been urbanized). The central and southern Everglades and the Big Cypress Swamp have remained mostly wilderness, but the effects of drainage to the north were already affecting water levels and flows in some parts of the Everglades early in the century. Construction of the Tamiami Trail, which crosses the southern Everglades and Big Cypress Swamp and connects Miami with Naples, began in the 1920's and was completed in 1928 (Klein and others, 1975) . The Tamiami Canal was dug on the north side of the Tamiami of water levels, water flows, and water quality only began around midcentury, after substantial hydrologic modifications had been made. Parker and others (1955) described hydrologic conditions in the southern Everglades during the 1940's and 50's. U.S. Geological Survey (USGS) records continued after that report and provide information on water levels and flows near the Tamiami Trail during the last half of the 20th century. These records include the southerly discharge of water between State Road (SR) 29 and SR 997 (Krome Avenue) through five east-west sections ( fig. 2 ) of the Trail for which discharge through bridges, culverts, and water-control structures are continuously gaged. In recent years, a consensus has developed among governmental officials and environmentalists that undeveloped parts of the Everglades should be protected and restored. Restoration of the Everglades will require large-scale changes in surface-water flow patterns to recreate predevelopment hydrologic conditions. These changes will include the diversion of more water from the WCAs southward under the Tamiami Trail to restore historic drainage pathways, such as the Shark River Slough, and to approximate predevelopment hydropatterns. Both an understanding of historic and current water quality and a sustained monitoring program are required to ensure that water quality is suitable for successful restoration. 
Purpose and Scope
Water-quality data have been collected extensively in some parts of the Everglades; however, broadscale sampling across the southern end of the Florida Peninsula is less common (Haag and others, 1996) . The purpose of this report is to provide a broad synoptic or "snap-shot" view of selected water-quality characteristics and short-term mass transport of nutrients at selected sites across the southern Everglades and Big Cypress Swamp near the southern end of the SOFL study unit. The synoptic view identifies high concentrations of and notable patterns in selected water-quality constituents that will be helpful in understanding regional variations in water quality and in selecting future sampling locations for monitoring or refining mass transport estimates.
This report presents waterquality data collected from 20 sites along an 80-mile section of the Tamiami Trail (table 1) (table 3) were sampled during three synoptic sampling periods ( fig. 3b ) that represent both high summer runoff (August 19-22, 1996, and August 11-14, 1997 ) and low latespring runoff (June 2-5, 1997).
Historical water-quality information in the vicinity of the Trail is also included to show time trends or make comparisons.
METHODS
Sampling sites were categorized as either primary or secondary sites. Primary sites were sampled for more constituents than secondary sites and required more time for sample processing in the field. At most primary sites, water samples were collected by the equal-widthincrement or multiple-vertical method in which sample water is collected continuously (depth integrated) from the water surface to near the bottom at several places (verticals) across a canal (Shelton, 1994) . If aquatic plants were abundant, verticals were made in the deepest areas that were clear of plants. All bottles and equipment that were used to collect and process samples were rinsed at least three times with native water prior to sample collection. At the primary sites, sample water from all verticals was passed through a cone splitter according to NAWQA parts-per-billion protocols (Shelton, 1994) to ensure that each sample bottle received a representative mix of water (Capel and others, 1995; Capel and Larson, 1996) . At secondary sites, water was collected at a single point approximately 6 inches below the water surface. In June and August 1997, extra water was collected at secondary sites and filtered for dissolved nutrient and anion determinations. All water samples for mercury were collected at a single point. All water samples were shipped to the laboratories on ice, with the exception of mercury which was preserved with hydrochloric acid and shipped at ambient temperatures. After each use, equipment that contacted sample water was cleaned with laboratory detergent, rinsed with deionized water and then methanol, and stored in closed containers to prevent contamination of the next sample.
Water samples from primary sites were analyzed for nutrients, major ions, pesticides, dissolved organic carbon (DOC), and UV absorbance at 254 nanometers (nm). Most samples from secondary sites were analyzed for sulfate, chloride, nutrients (only total phosphorus, TP, and total Kjeldahl nitrogen, TKN, were determined in August 1996), DOC, and UV absorbance at 254 nm. Nutrient concentrations are all reported as the elements nitrogen (N) and phosphorus (P). Water samples for total mercury were collected in August 1996 and June 1997 at selected sites. Field determinations of dissolved oxygen (DO), specific conductance, temperature, and pH were made at most sites close to the time of sample collection. For quality assurance, eight organic or inorganic field blanks of high-quality blank water (11 percent of environmental samples) and seven replicates (9 percent of environmental samples) were collected during the synoptic sampling trips, and additional field blanks were collected at some other sampling sites near the time of the synoptic sampling.
Biomass (ash-free dry mass, AFDM) and chlorophyll-a (an indicator of the algal component of the periphyton) accumulation rates were determined for periphyton from glass slides deployed near the Tamiami Trail in June and August 1997. Periphyton samplers were floated just below the water surface starting the week that water samples were collected for the synoptic surveys. The slides were collected 2 to 3 weeks later and processed for laboratory analysis. The rate of periphyton growth can be computed from accumulated mass, surface area, and the length of time that slides are exposed to water.
The USGS National WaterQuality Laboratory in Arvada, Colorado, analyzed the samples with a few exceptions. Sulfate and chloride samples collected at secondary sites in August 1996 were analyzed at the USGS Quality Water Service Unit in Ocala, Florida. The DOC and UV absorbance at 254 nm were determined by Dr. George Aiken, USGS, Boulder, Colorado, and total mercury in water was determined by Dr. David Krabbenhoft, USGS, Middleton, Wisconsin.
Total Dissolved Solids, Specific Conductance, and Major Ions
Chloride, sulfate, other major ions, DOC, and silica contribute to total dissolved solids (TDS). Specific conductance is a measure of the electrical conductivity of dissolved ions in water and, when fig. 5a-c 
from the northern Everglades. The sources of the mineralized water include Lake Okeechobee; the Everglades Agricultural Area south of Lake Okeechobee; and naturally occurring, shallow, mineralized water beneath the northern Everglades (Parker and others, 1955, p. 764) . Water from the northern Everglades flows under the Trail through culverts and the S-12 water-control structures into ENP and then south and southwest down the Shark River Slough toward the coast. Specific conductance values in the Shark River Slough tended to decline slightly downstream of the S-12 structures ( fig. 5d-f) .
Specific ions were responsible for approximately 9 percent of the increase in specific conductance, whereas potassium, sulfate, and fluoride ions had only a minor effect on specific conductance. The percentage increases in calcium (174 percent), and bicarbonate (189 percent) ion concentrations were greater than for the sodium (71 percent), potassium (33 percent), and chloride (95 percent) ions. Processes that could contribute to increased TDS and specific conductance in surface waters during the dry season are evapotranspiration, increased density of animal populations in and around dwindling surface waters, and relatively greater ground-water contributions to the remaining surface waters (as surface water flows and rainfall decline). If evaporation of ponded surface water were the only process occurring during the dry season, the concentration of ions such as sodium, chloride, calcium, and bicarbonate would all increase by similar percentages. The relatively greater increase in calcium and bicarbonate ion concentrations at Bridge 105 cannot be explained by evaporation alone. Increased ground-water inflow from the limestone surficial aquifer, relative to surface-water inflow and rainfall, is likely the cause of much of the relatively greater increase in the calcium and bicarbonate ions, compared with the increases in the sodium, chloride, and magnesium ions. The plot of chloride concentration along the Tamiami Trail is U-shaped ( fig. 7a ) with the highest concentrations occurring near the west and east ends of the study area. Concentrations in the central section of the Tamiami Trail (approximately miles 30-66) were typically about 10 to 30 milligrams per liter (mg L -1 ) and increased to 40 mg L -1 or more in the western Big Cypress Swamp and the Everglades from about S-12-C and eastward (miles 66-81). The highest concentrations were in western Big Cypress Swamp in June 1997, when seawater moved inland from the nearby coast during the low runoff period. The higher concentrations of chloride in the Everglades east of S-12-C, compared with concentrations in the central section, are due to the canal transport of mineralized water from the northern Everglades (Parker and others, 1955) .
Like chloride, the plot of sulfate concentration across the Tamiami Trail is U-shaped ( fig. 7b) . The higher concentrations in the western Big Cypress Swamp are due to the effects of seawater, and the higher concentrations in the Everglades are due to the effects of mineralized water from the north. In the central section of the Tamiami Trail (approximately miles 30-66), most sulfate concentrations were quite low (30 out of 31 concentrations were from less than 0.1 to 2.0 mg L -1 ) during the three synoptic sampling periods and during monthly sampling at Bridge 105 between May 1996 and January 1998 (25 out of 27 concentrations were less than 0.8 mg L -1 ). These low background concentrations make sulfate ion a sensitive indicator of human impacts on water quality in the central Big Cypress Swamp. 
Nutrient Concentrations and Periphyton Growth
Phosphorus and nitrogen are the most common nutrients that limit the growth of aquatic plants. Phosphorus is usually growthlimiting in freshwater and even small increases in concentrations and loadings can have significant ecological impacts. Phosphorus generally occurs at quite low concentrations (less than 0.01 mg L -1 ) in unimpacted wetlands of southern Florida and at higher concentrations (median concentrations of 0.060 mg L -1 at S-7 and 0.067 mg L -1 at S-8 for 1984-93, data from SFWMD) in parts of the northern Everglades. The high concentrations in the northern parts of the Everglades have been implicated in changes in wetland communities, such as the shift from sawgrass to cattails and the change from calcareous periphyton mats of cyanobacteria and diatoms to periphyton dominated by filamentous green algae (McCormick and O'Dell, 1996). Unlike chloride and sulfate, the plot of TP concentration along the Tamiami Trail was not U-shaped, but generally decreased from west to east (fig. 7c) fig. 9a ). Highest concentrations were associated with low discharge and low water levels. TP concentrations had a pattern quite similar to that of specific conductance (fig. 6f) ; whereas, concentrations of total nitrogen (TN; fig. 9b influence of water-column phosphorus on the biomass and growth rate of periphyton communities. Generally, periphyton biomass and growth rates in the Everglades are significantly changed by nutrient enrichment (Swift, 1981; Swift and Nicholas, 1987; Hall and Rice, 1990; Browder and others, 1994; McCormick and O'Dell, 1996) . Other studies have focused on the influence of phosphorus enrichment on periphyton community composition (Scheidt and others, 1987; McCormick and O'Dell, 1996; McCormick and others, 1999) . Changes in community composition of periphyton have important implications for the Everglades food web.
We evaluated periphyton growth (as accumulation of AFDM and of chlorophyll-a) along the Tamiami Trail using artificial substrates that allow sample collection in a standardized way and facilitate comparisons between water bodies. Periphyton biomass accumulated at sites along the Trail at rates of 0.09 to 0.9 grams per square meter per day (g m -2 d -1 ) as AFDM and 0.05 to 1.0 milligrams per square meter per day (mg m -2 d -1
) as chlorophyll-a with no obvious spatial patterns, although the highest rate for AFDM was at the Tomato Road site ( fig. 10a ) just downgradient of agricultural land. The absence of obvious spatial patterns of chlorophyll-a and AFDM accumulation rates may be due to the limited number of samples collected and the inherent variability of the methods. Chlorophyll-a accumulation rates measured during this study in June and August 1997 were comparable with rates reported by Swift and Nichols (1987; 0. 04 to 0.07 mg m -2 d -1 as chlorophyll-a for June through August was computed from data in fig. 3 ) at a lownutrient (average TP of 0.011 mg L -1 ) marsh site in the northern Everglades.
Phosphorus and Nitrogen Loads
Nutrient loads are measures of "new" nutrient matter moving into an ecosystem from a source such as a stream or the atmosphere. Increased annual nutrient loading can change an ecosystem from oligotrophic to eutrophic. Nutrient loads in surface water are computed by multiplying the concentration of a nutrient by the discharge of water (the volume of water flowing past a cross section of the stream or other water course per unit of time). Usually, the product of the concentration and discharge of water must be multiplied by a conversion factor to make the concentration and flow units compatible and to produce a number that is neither too large nor too small to use conveniently. Longterm (annual or multi-annual) nutrient loads average seasonal variations and are more representative of the inputs to an ecosystem than are daily loads. Daily loads, such as those given below, can provide insight into seasonal variations and the relative magnitude of various nutrient sources.
We computed daily loads of TP and TKN for each of the three synoptic sampling periods. Loads were determined for each of the five gaged sections (see table 3) of the Trail from the mean daily discharge for the 4-day sampling period and the average concentration of selected nutrients within each section. Loads for TKN are reasonable estimates of loads of TN along the Trail because TN is composed predominantly of TKN. TKN concentrations for 59 samples averaged 98 percent and ranged from 82 to 100 percent of the TN concentrations during this study.
Across the gaged sections of the Trail, daily loads of TP and TKN were usually highest in the Everglades section through the S-12 structures ( fig. 11a and b , miles 60.7-69.5). This was due more to the large flows from the northern Everglades than to high concentrations at the S-12 structures. The maximum daily loads for TP (57 kilograms (kg)) and TKN (6,300 kg) occurred at the S-12 structures during the rainy season in August 1997. A relatively high daily TP load (35 kg) also occurred in the Monroe to Carnestown section during August 1997.
Dissolved Organic Carbon and Ultraviolet Absorbance
DOC can originate from natural sources such as living plants and decaying plant matter or from human sources. DOC is of ecological significance because it can (1) contribute to water color which absorbs light in the photosynthetically active wavelength region and thus reduce the amount of light available for the growth of submerged aquatic plants, (2) Aromatic (containing conjugated double bonds like those in benzene) DOC compounds that contain carboxylic acid, hydroxyl, and amino functional groups (parts of a molecule) form complexes with trace elements (Stumm and Morgan, 1981, p. 375) . One of the simplest and most inexpensive means of comparing the relative abundance of aromatic carbon in DOC is to measure the ultraviolet absorbance at 254 nanometers (UV 254 ) and compute the ratio UV 254 /DOC (specific ultraviolet absorbance) as an indicator of the relative abundance. A higher ratio indicates a greater potential for complexing and transporting trace elements.
The UV 254 /DOC ratio ranged from 0.017 to 0.060 along the Tamiami Trail during the three synoptic sampling periods, and tended to decrease from west to east ( fig. 12b ). The highest ratios (indicative of a relatively high fraction of aromatic carbons in DOC) occurred at bridges 64 and 70 (miles 18.0-20.2) during low flow in June 1997. These bridges are within 5 miles of the Gulf of Mexico and were affected by marine water during this low-flow period, as evident from specific conductance values greater than 11,000 µS cm -1 and by the presence of marine organisms such as blue crabs (Callinectes sapidus). Thus, coastal marshes or mangrove forests may be the source of the high ratios. June 1997 August 1997 Long-term 800
Long-term 2,000
Long-term 30
Long-term 10
Mercury
The Florida Department of Health and Rehabilitative Services (1993) issued a health advisory recommending that, because of high mercury concentrations, fish consumption be restricted in some parts of Florida and completely avoided in other areas, such as the Everglades. The high concentrations of mercury in the biota are related to processes in the water and sediment that favor methylation of mercury and concentration of mercury in the Everglades food chain. USGS researchers and others are currently studying the sources and cycling of mercury and the relation of these processes to the high concentrations reported in fish and other wildlife.
We collected water samples for total mercury analysis at eight and seven sites along the Tamiami Trail  in August 1996 
Pesticides
Pesticides are applied in agricultural and urban areas and are also sprayed directly into canals to kill nuisance aquatic weeds or onto weeds and shrubs along the roadsides and canal banks. Because pesticides can be transported long distances in air (Majewski and Capel, 1995) , they are sometimes detected in areas remote from the point of application.
Water samples were collected at selected sites during the three synoptic sampling periods and analyzed for more than 100 different pesticides. Pesticide concentrations above the minimum reporting level (detections) are listed in table 4 along with criteria recommended for protection of aquatic life (National Academy of Sciences and National Academy of Engineering, 1972; NAWQA NST, 1998) . All of the compounds detected were herbicides or a herbicide degradation product (deethylatrazine) except for single detections of the insecticides or nematicides malathion, diazinon, and azinphosmethyl. Atrazine was the most frequently detected pesticide (14 detections), followed by tebuthiuron (11 detections) and metolachlor (5 detections). One or more pesticides were detected at all sites except Bridge 114, and the greatest number of detections were at S-12-D and Tomato Road. In all but five samples, concentrations of pesticides were less than 0.1 µg L -1
. A few concentrations exceeded the aquatic life criteria: metolachlor at Tomato Road and S-12-D, malathion at P-33, and azinphos-methyl at Bridge 105 (table 4). 
Conclusions
The quality of surface water flowing southward in the Everglades and Big Cypress Swamp in the vicinity of an 80-mile section of the Tamiami Trail is spatially variable due to natural and human influences. Concentrations of chloride, sulfate, specific conductance, and DOC tended to be relatively low in the undeveloped center of the Tamiami Trail from the Turner River (mile 30.4) to about S-12-C (mile 66.6) and relatively high at the more developed west and east ends, especially during the dry season. These water-quality characteristics suggest that three distinct subsections should be considered as the minimum number required to describe and monitor water quality along the 80-mile study section. Relatively high concentrations of these constituents occurred to the west of the Turner River due to agricultural and marine inputs and to the east of S-12-C due to the inflow of mineralized water from the northern Everglades through a network of canals. Twelve pesticides or pesticide degradation products were detected across the Tamiami Trail, with highest concentrations usually at Tomato Road in the west or S-12-D in the east where agricultural influences were greatest. Total phosphorus tended to decrease from west to east along the Tamiami Trail.
Seasonal variations in water quality are superimposed on spatial variations in the study area. Concentrations of many dissolved constituents and total phosphorus increased during the dry season due to processes such as the inland movement of seawater near the western coast, evapotranspiration, ground-water inflow, or the higher density of wildlife in and around the Tamiami Canal.
Fish and bottom sediment provide time-integrated samples of pesticide occurrence. Fish and bedsediment samples were collected during an earlier phase of our study at a number of sites in southern Florida (Haag and others, 1998) . In the vicinity of the Tamiami Trail, the fish included largemouth bass and Florida gar collected at the Barron River, Loop Road, Bridge 105, S-12 structures (S-12-A through S-12-D), and in the L-67A Canal in August-December 1995. Composite fish samples (5-10 fish of a species at each site) were analyzed for 25 organochlorine pesticides (Haag and McPherson, 1997) . DDT compounds were the only pesticides detected in fish at these five sites near the Trail. Total DDT ranged from 5 to 6 µg kg -1 in largemouth bass and from 11 to 17 µg kg -1 in Florida gar. These DDT concentrations were lower than the concentrations found in largemouth bass and gar samples from six sites in the northern Everglades, where total DDT ranged from about 220 to 1,200 µg kg -1 (Haag and McPherson, 1997) . A single bottom sediment sample collected at Bridge 105 in August 1996 contained 41 µg kg -1 of total DDT; concentrations at five other southern Florida sites ranged from 0.7 to 310 µg kg -1 of total DDT.
